We examined error-prone nonhomologous end joining (NHEJ) in Msh2-deficient and wild-type Chinese hamster ovary cell lines. A DNA substrate containing a thymidine kinase (tk) gene fused to a neomycinresistance (neo) gene was stably integrated into cells. The fusion gene was rendered nonfunctional due to a 22-bp oligonucleotide insertion, which included the 18-bp I-SceI endonuclease recognition site, within the tk portion of the fusion gene. A double-strand break (DSB) was induced by transiently expressing the I-SceI endonuclease, and deletions or insertions that restored the tk-neo fusion gene's reading frame were recovered by selecting for G418-resistant colonies. Overall, neither the frequency of recovery of G418-resistant colonies nor the sizes of NHEJ-associated deletions were substantially different for the mutant vs. wild-type cell lines. However, we did observe greater usage of terminal microhomology among NHEJ events recovered from wild-type cells as compared to Msh2 mutants. Our results suggest that Msh2 influences error-prone NHEJ repair at the step of pairing of terminal DNA tails. We also report the recovery from both wild-type and Msh2-deficient cells of an unusual class of NHEJ events associated with multiple deletion intervals, and we discuss a possible mechanism for the generation of these "discontinuous deletions."
M AMMALIAN cells contend with various forms of
served that NHEJ repair junctions often occur within short patches of homology, suggesting that the joining DNA damage on a daily basis. One type of DNA damage that is potentially quite deleterious is a doubleof DNA ends via NHEJ may be facilitated by terminal microhomologies (Chu 1997; Liang et al. 1998 (Chu al. 2002; Jackson 2002; Helleday 2003; Valerie and 1997; Liang et al. 1998; Lin et al. 1999; Haber 2000; Povirk 2003) . One may envision that NHEJ involves Pastink et al. 2001; Pierce et al. 2001;  for subsequent joining. The homology search may be van Gent et al. 2001; Bernstein et al. 2002;  Jackson directed by specific proteins or may be driven by sponta-2002; Helleday 2003; Valerie and Povirk 2003) . Honeous base pairing. Interactions between mismatched mologous recombination is an accurate repair pathway DNA tails may produce short segments of heteroduplex utilizing a homologous DNA template to correctly re-DNA containing mispaired bases, and these mispairs store genetic information that may otherwise be lost at may be substrates for the DNA mismatch repair (MMR) a DSB site. In contrast, NHEJ involves no template and machinery. For this, and other reasons elaborated beis error prone because one or several nucleotides are low, it seems reasonable to think that MMR proteins usually deleted or inserted prior to DSB healing. NHEJ have a role in NHEJ. is considered to be a major DSB repair pathway in mamIn eukaryotes, Msh2 (MutS homologue 2) is a major malian cells.
player in MMR, functioning as a heterodimer in associaOne approach toward gaining a better understanding tion with Msh3 or Msh6. Msh2 has been implicated of DSB repair pathways is to study the consequences of in a variety of processes that serve to protect genomic the loss of specific proteins that appear to be reasonable integrity. In addition to its "spell-checking" function in candidates for involvement in repair. It has been obpostreplicative mismatch repair, Msh2 is involved in a generalized cellular response to DNA damage, with a role in triggering a signaling cascade that activates cell 2002; Brown et al. 2003; Li 2003; Schofield and cient in Msh2 (Aquilina et al. 1988 , 1989 been reported to localize to DSB sites in yeast (Evans NHEJ substrate: Plasmid pTNeo99-7 (Figure 1 ) was described previously (Bannister et al. 2004) . pTNeo99-7 conet al. 2000) and has been directly implicated in DSB tains a herpes simplex virus type 1 (HSV-1) thymidine kinase repair in yeast by playing a role in the removal of nonho-(tk) gene fused to the coding region of the neo gene. The tkmologous DNA tails and possibly assisting in a homology neo gene in pTNeo99-7 is disrupted by a 22-bp oligonucleotide search (Saparbaev et al. 1996; Sugawara et al. 1997 Mitchell et al. 2002; Muller et al. 2003) . c Calculated as number of G418 R colonies divided by num-(short horizontal arrows) used in PCR analysis. Primer AW85 ber of cells plated into selection. maps within tk sequences and AW91 maps within neo sequences; the two primers are positioned 1.4 kb apart.
Frequencies of G418
R colonies recovered following
The positions of AW85 and AW91 on pTNeo99-7 are indicated electroporation of cells with pSce are presented in , providing no evidence that the Msh2 defiland). PCR products were then sequenced from a T7 primer ciency of clone B-derived cells had an appreciable, conor an SP6 primer using a Licor 4000L at the DNA Sequencing sistent effect on the efficiency of NHEJ overall.
and Synthesis Core Facility in the Department of Biological Sciences at the University of South Carolina.
PCR and Southern blot analysis of DSB-induced G418
R clones: Genomic DNA samples isolated from 72 G418 R clones recovered from MTϩ cell lines and from RESULTS 89 G418 R clones recovered from clone B cell lines were PCR amplified using primers AW85 and AW91, which Recovery of NHEJ events from wild-type and Msh2-deficient CHO cells: To study the potential role of Msh2 flank the original position of the I-SceI site in pTNeo99-7 (Figure 1 ). An illustrative representative analysis of PCR in NHEJ, MTϩ and clone B (Msh2-deficient) CHO cells were stably transfected with pTNeo99-7 (Figure 1) . The products generated from clones recovered from cell line CB2 is presented in Figure 2 . Cell line CB2, like "tk-neo" fusion gene in pTNeo99-7 is disrupted by the insertion of a 22-bp oligonucleotide containing the 18-all parental cell lines, produced the expected 1.4-kb PCR product (Figure 2, lane 3) . PCR products from bp I-SceI recognition site. Three cell lines derived from MTϩ cells (designated MT4, MT7, and MT19) and most G418 R clones from all cell lines appeared to be about 1.4 kb in length (see, for example, Figure 2 , lanes three cell lines derived from clone B (designated CB2, CB6, and CB9), each containing a single integrated copy 5-11, 14-17, 19, 23) , suggesting that NHEJ was often accompanied by a relatively small deletion or insertion of pTNeo99-7, were isolated. Cells containing pTNeo99-7 were electroporated with pSce to induce a genomic DSB that did not alter the apparent mobility of the PCR product. Other clones generated PCR products that at the I-SceI site within the integrated construct. NHEJ events in which the I-SceI-induced DSB was repaired in were visibly shorter than 1.4 kb (Figure 2, lanes 4, 12, 13, 18, 20, 21, (24) (25) (26) , suggesting that these clones unsuch a way to restore function to the tk-neo fusion gene were recovered by selecting for G418 R clones. Restoraderwent more substantial deletions in association with NHEJ at the I-SceI site. Some clones produced no PCR tion of function to the tk-neo gene required the deletion (or insertion) of an appropriate number of nucleotides product (Figure 2 , lane 22) or multiple products (not shown), indicating either a large deletion or insertion or to restore the correct reading frame to the fusion gene. -26) . All PCR reactions were carried out using primers AW85 and AW91 (see Figure 1) . Lanes 1 and 27 contain molecular weight markers; lane 2 displays a negative (no template) PCR control. See text for further discussion. a more complex rearrangement. One clone recovered had a small deletion or insertion associated with NHEJ, while the other copy remained unaltered. from cell line CB6 (not shown) displayed a PCR product notably larger than 1.4 kb.
Genomic DNA samples from putative duplication clones were digested with either BamHI alone or BamHI PCR products were further analyzed by digestion with I-SceI endonuclease to ascertain if the I-SceI site had plus I-SceI and analyzed on Southern blots along with additional clones that had apparently undergone simple indeed been lost by NHEJ. As expected, most PCR products were resistant to I-SceI cleavage and none were fully NHEJ without duplication. In total, 28 MTϩ and 39 clone B G418 R clones were viewed on Southern blots sensitive to I-SceI cleavage (data not shown). Somewhat surprisingly, however, PCR products from two G418 R using a tk-specific probe, and a representative analysis is presented in Figure 3 . G418 R clones that were procolonies from cell line MT4 and from 25 G418 R colonies from cell line CB6 were partially sensitive to I-SceI, sugduced by NHEJ associated with a small deletion or insertion were expected to display a 3.9-kb BamHI fragment gestive of a mixture of two PCR products in which one product could be cleaved with I-SceI and the other could (see Figure 1) , which is evident for the clones presented not. These clones may have undergone a duplication in Figure 3 , lanes 1, 3, 4, and 6-8. Clones that had of the tk-neo fusion gene in which one copy of the gene undergone larger deletions produced smaller BamHI fragments ( Figure 3 , lanes 2 and 5). The clones whose BamHI digests are presented in lanes 3, 4, and 8 each generated a PCR product that was partially sensitive to I-SceI. An increased intensity of the 3.9-kb band is apparent for the clones in lanes 3, 4, and 8, relative to the BamHI fragments displayed by the clones in lanes 1, 2, and 5-7, consistent with a duplication of the tk-neo gene in the former clones. DNA samples from the clones shown in lanes 3, 4, and 8 were additionally subjected to a double digest with BamHI plus I-SceI. As shown in Figure 3 , lanes 9-11, the double digest of each of these clones produced a 3.9-kb band as well as a 2.6-kb and a 1.3-kb band, indicating that the tk-neo gene had indeed On the basis of PCR analysis and Southern blot analy-8 were additionally digested with BamHI plus I-Sce I and dissis as described above, the DSB repair events responsible played in lanes 9, 10, and 11, respectively. Lane 12 displays for the genesis of the recovered G418 R clones were cateparental cell line DNA digested with BamHI plus I-Sce I. As discussed in the text, the clones in lanes 2 and 5 produced a gorized as " NHEJ," "NHEJ with duplication," or "comBamHI fragment notably shorter than 3.9 kb, indicative of plex" (Table 2 ). "Complex" events were those that prorelatively large deletions at the I-Sce I site, and the clones disduced no PCR products, multiple PCR products of blotting. As presented in Table 2 , there was no clear, the tk-neo gene.
Microhomologies at the site of end joining were also a All 25 duplication events were recovered from cell line CB6.
examined for each repair junction (Table 3 ). The majority of NHEJ events for MTϩ and clone B cells involved one or several bases of microhomology at the site where consistent difference between MTϩ cell lines vs. clone B DNA termini were joined. However, we noted that when cell lines regarding the types of repair events recovered, all NHEJ junctions are considered, 16 of 49 junctions although we noted that one cell line, CB6, produced recovered from clone B cells displayed no terminal bases 25 NHEJ with duplication events of 44 events recovered of microhomology, while only 5 of 51 junctions recovfrom this line ( Table 2 , and data not shown).
ered from MTϩ cells involved no microhomology. This Analysis of nucleotide sequences across NHEJ repair difference in the number of clones recovered that disjunctions: PCR products generated from 45 NHEJ played no microhomology at NHEJ junctions is highly events recovered from MTϩ cell lines and from 45 NHEJ statistically significant (p ϭ 0.0050 by a chi-square test). events recovered from clone B cell lines were seIf we discount the data from cell line CB6, which yields quenced. The clones that were sequenced were rana low frequency of DSB-induced G418 R colonies (Table  domly selected from among the clones that had appar-1) and produces an unusually large number of duplicaently undergone simple NHEJ on the basis of PCR and tions (Table 2) , the difference in the number of NHEJ Southern blotting analysis. A summary of the sequence junctions that displayed no microhomology recovered analysis is presented in Table 3 . Detailed nucleotide from MTϩ vs. clone B cells remains statistically signifisequence data for NHEJ junctions is available as supcant (p ϭ 0.0134 by a chi-square test). Our data demonplemental material at http://www.genetics.org/supple strate a more frequent use of microhomology in MTϩ mental/. As anticipated, most clones analyzed had uncells. dergone a single continuous deletion (or, more rarely, an insertion) of nucleotides that restored the correct DISCUSSION reading frame to the tk-neo fusion gene. There was no striking difference between the deletion sizes for events
In this article, we investigated the role of Msh2 in recovered from MTϩ cell lines vs. clone B cell lines.
error-prone DSB repair by studying NHEJ in wild-type The median deletion size for MTϩ lines and for clone and Msh2-deficient CHO cells. We used a system that B lines was 22 bp, with deletion sizes ranging from 1 to allows us to induce a single well-defined DSB in the 1201 bp. The distributions of deletion sizes for MTϩ CHO cell genome and to recover error-prone events and clone B cells were very similar, with several clones that result in deletion or insertion of nucleotides to displaying deletions substantially larger than the median restore function to a tk-neo fusion gene. Collectively, our deletion size. Surprisingly, five NHEJ clones (MT4-7, results suggest that deficiency in Msh2 does not have a MT19-10,  Tables 3 and  major impact on the overall efficiency of error-prone 4) had two or three discrete deletions in the vicinity of NHEJ. Neither the overall frequency nor the associated the I-SceI site. A proposed mechanism for the generation deletion size of recovered NHEJ events appears to be of these "discontinuous deletions" is described in the affected by Msh2 status in our experimental system. As discussion.
in any study, our results may be influenced by the types Four clones had insertions of nucleotides at the site of cells and DNA sequences used. We also recognize of the I-SceI-induced DSB. Clone MT4-13 had an inserthat since only events that restore function to the tk-neo tion of 2 bp (AA) while clone MT7-5 had a 385-bp fusion gene are recovered in our experimental system, deletion in conjunction with a 351-bp insertion of sea variety of DSB events may potentially occur and yet quence from the hygromycin-resistance gene, likely go undetected. Such events include any gene with the originating from the integrated copy of pTNeo99-7.
proper reading frame unrestored; introduction of a stop Clone CB6-212 had an insertion of 2 bp (AA) and clone codon; large deletions by NHEJ; and large-scale gene CB6-71 had an insertion of 638 bp containing a cytomegconversions using a homolog that results in complete loss of the substrate. It is possible that experiments conalovirus promoter sequence, likely originating from The name of the cell line from which each clone was recovered is indicated and precedes the hyphen in each clone name.
b All sizes are deletion sizes, except where inserts are indicated. For clones displaying discontinuous deletions, the size of each discrete deletion interval is indicated.
c For junctions displaying microhomology at the joined DNA termini, the actual sequence of microhomology shared between the joined termini is shown. Junctions in which no microhomology was found are indicated with a "0." For clones displaying multiple deletions and, hence, multiple junctions, microhomologies for all junctions are shown.
d The insert in clone CB6-71 contained the cytomegalovirus promoter and likely originated from transfected pSce DNA. Indicated are the microhomologies at the two junctions between the insert and the genomic DSB.
e In addition to a 385-bp deletion, clone MT7-5 contained a 351-bp insertion of sequence from the hygromycinresistance gene, likely copied from the integrated copy of pTNeo99-7. Indicated are the microhomologies at the two junctions between the insert and the genomic DSB. a For each clone, the number of nucleotides deleted in each discrete deletion interval is indicated in parentheses. Also indicated is the length of sequence separating the deletion intervals.
ducted using other experimental systems may reveal an influence of Msh2 on NHEJ efficiency and/or deletion size not uncovered in our investigation.
We noted that for both wild-type and Msh2-deficient cells, the deletion sizes associated with recovered NHEJ events displayed a somewhat unusual distribution in that several deletions were strikingly larger than the median deletion size of 22 bp (Table 3 ). The relatively common occurrence of deletions many-fold larger than the median-sized deletion suggests the possibility of two (or more) pathways leading to the removal of nucleotides during NHEJ, one producing relatively short deletions and one producing more substantial deletions.
Our data do reveal a significant difference between wild-type vs. Msh2-deficient cells in terms of the frequency of occurrence of NHEJ between DNA ends displaying no microhomology. The increased number of microhomology-independent events recovered from the Msh2-deficient (clone B) cells suggests that Msh2 may normally play a role in impeding the joining of mismatched DNA termini. We recently reported data supporting a fundamentally similar role for MMR protein Mlh1 in NHEJ in mouse fibroblasts (Bannister et al. 2004) , suggesting, perhaps, a general role for the spellchecking function of MMR in modulating NHEJ. We envision that the MMR machinery may respond to mispaired bases produced as DNA termini interact during NHEJ. This engagement of MMR may disrupt the endjoining process and lead to an increased recovery of joining events occurring within patches of homology.
